Abstract. The dielectric properties of two low-water-content tissues, bone marrow and adipose tissue, were measured from 1 kHz to 1 GHz. From 1 kHz to 13 MHz, the measurements were performed using a parallel-plate capacitor method. From 10 MHz to 1 GHz, a reflection coefficient technique using an open-ended coaxial transmission line was employed. The tissue water contents ranged from 1 to almost 70% by weight. The dielectric properties correlate well with the values predicted by mixture theory. Comparison with previous results from high-water-content tissues suggests that bone marrow and adipose tissues contain less motionally altered water per unit dry volume than do the previously studied tissues with lower lipid fractions. The high degree of structural heterogeneity of these tissues was reflected in the large scatter of the data, a source of uncertainty that should be considered in practical applications of the present data.
Introduction
The electrical properties of various high-water-content tissues have been well characterised from the audio through microwave frequency ranges. (For pertinent reviews see Schwan (1957) , Stuchly and Stuchly (1980b) and Foster and Schwan (1985) .) Corresponding data from low-water-content tissues are comparatively few although such data are needed for a number of practical applications. Perhaps the most extensive investigation of the dielectric properties of fat and marrow was by Schwan (1958 Schwan ( ,1960 who presented results from fatty tissues with varying water contents at 300 MHz and from samples of red and yellow bone marrow from 100 MHz to 2 GHz. A few other data have been tabulated by Geddes and Baker (1967) 
On a more fundamental level, others have studied the contributions of water to the dielectric properties of tissues at microwave and UHF frequencies. For example, Schepps and Foster (1980) studied the dielectric properties of a variety of tumour and normal tissues with varying water contents and showed that the properties were consistent with the simple Maxwell mixture theory, provided that proper allowance is made for the fraction of motionally altered water in tissue.
In this paper we consider the electrical properties of two tissues, fat and bone marrow, over the frequency range of 1 kHz to 1 GHz. The samples exhibit a range of water contents much lower than that of most of the tissues previously studied by our group, and their composition is also quite different. However, the methods of analysis of the data are similar. This study thus extends our previously reported work. 
Methods and materials
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Center of the University of Pennsylvania. Fifteen samples of bone marrow were obtained from the femurs and tibias of a 1 month old calf that had been sacrificed for another study at the Childrens Hospital of Philadelphia, All such samples were obtained within 12 h of death and were kept at 4 "C until measurements could be completed, normally within a day of procuring the tissue. Nine additional samples of bovine adipose tissue were obtained from a slaughterhouse, for comparison with the freshly excised samples.
For the measurements, the adipose and bone marrow tissues were sectioned into samples of approximately 1 g each. The region of the medullary canal (distal third, centre or proximal third) from which each marrow sample was obtained was noted. All of the marrow samples contained a mixture of yellow and red marrow that varied somewhat with the origin of the tissue.
The tissue water contents were determined by drying each sample to constant weight in an oven at 70 "C. The water content of the freshly excised fat samples varied from 8 to 26% of the total weight while that of the marrow samples varied from 26 to 68% by weight. Fat samples from the slaughterhouse had lower water contents (ranging from 1 to 10% by weight) which perhaps arose from drying of the tissue during processing. Water contents were converted to a volume basis, as required by mixture theory, by assuming average densities of the lipid and protein fractions to be 0.9 and 1.3 g respectively.
For such estimates, the adipose tissue was assumed to consist of water and lipids, as justified by studies by Baker (1969) . The marrow was assumed to consist of water, lipids and protein with the relative proportion of lipid to water as given by Dietz (1946) and the remaining material consisting of protein.
For purposes of comparison, the dielectric properties of two other tissues were also measured. The properties of rabbit liver were found at 25 "C using the same techniques as for the fat and marrow: those of bone (the rat femur in the radial direction) were measured using techniques reported by Kosterich et aZ(l983). The bone measurements had been done at 37 "C, but the variation in dielectric properties with temperature of this tissue is negligible for the purposes of this study. Since the dielectric properties of these tissues have been previously reported, these measurements also served as checks on the overall consistency of the data.
Measurement techniques
Two techniques were used for the dielectric measurements. From 1 kHz to 13 MHz, a parallel-plate capacitance cell was used. From 10 MHz to 1 GHz, a reflection coefficient method using an open-ended coaxial transmission line was employed. All measurements were performed at 25 "C, except for those on bone as noted above,
The parallel-plate cell consisted of two platinum electrodes of 1 cm diameter mounted in a cylindrical plexiglass sample cell of a slightly larger diameter, in a way that allowed for variation in sample thickness. A water jacket surrounded the cell for temperature control. Electrodes were electrolytically covered with platinum black following the method of Schwan (1966) to reduce electrode polarisation. Measurements were performed using an impedance analyser (Hewlett-Packard 4192) under computer control, with the impedance of the empty and short-circuited cell also measured to allow correction for the series lead inductance and resistance, stray capacitance and shunt conductance arising within the instrument.
Repeated measurements with different sample thicknesses over the frequency range 5 Hz-l3 MHz allowed examination of electrode polarisation effects. At 5 Hz, electrode polarisation obscured the tissue properties but at frequencies of 1 kHz and higher, these artefacts could be separated from the tissue data using correction techniques outlined by Schwan (1966) . Conductivity measurements were accurate to within 3%. The expected relative errors of the permittivity measurements were typically within 5% but in the worst case (around 1 kHz) were as high as 20%. These figures were calculated on the basis of measured phase angles of the tissue impedance (average -0.2", minimum -0.06' at 1 kHz) and measured errors in the impedance phase angle. These errors decrease at higher frequencies because tissue phase angles increase.
Over the higher-frequency range, we employed an open-ended coaxial transmission line technique similar to that described by Stuchly and Stuchly (1980a) . The line (a precision 7 mm airline, model 2653C, Maury Microwave Corporation) was attached to a computer-controlled impedance analyser (Hewlett-Packard 4191) through a precision flexible arm using precision APC-7 connectors. A water jacket surrounded the line for temperature control. A thin (2 mm) Teflon disc was inserted between the inner and outer conductor at the open end to centre the inner conductor and to prevent the sample from being drawn up into the line. Errors arising from reflections from the Teflon disc and other instrumental effects were removed by the standard calibration procedure employing precision short, open and 50 R terminations. After the series of calibration measurements, the sample was placed against the open end of the line and the real and imaginary parts of the reflection coefficient were measured with reference to the plane of the sample-line interface. The termination admittance so obtained had real and imaginary parts that were nearly linear functions of the conductivity and permittivity of the sample, as determined by measurements on dioxane-water mixtures and saline solutions of known dielectric properties. Conductivity and permittivity measurements were typically accurate to within 3% and 2 dielectric units respectively. For all tissues shown, the permittivity values decrease slowly over four decades of frequency before approaching a limiting value above 10 MHz. The increase in conductivity, Au, corresponding to this dispersion can be estimated from the result A u = 25~f~A.s.s~ which applies to a single time constant relaxation. For the fat tissue of the lower water content in figure l(b), this is approximately 0.06 mS cm", which is far smaller than the frequency-independent (ionic) contribution. The pronounced increase in the conductivity of the liver arises from the short-circuiting of the cell membranes (the '&dispersion') with a consequent increase in the fraction of the tissue electrolyte that can carry the current.
Results and discussion
This effect is far less pronounced in the fat, the cells of which principally contain lipids (Sheldon 1964) and are thus poorly conducting at all frequencies. Curiously, at frequencies below about 100 kHz the conductivity of many of the fat samples was higher than that of the liver, presumably due to the greater amount of extracellular fluid in these samples.
Frequency (Hz) Figure 1. ( a ) Dielectric permittivity relative to free space and ( b ) electrical conductivity of bone marrow (+), adipose tissue (0, +), liver ( X ) and bone (0) as a function of frequency at 25 "C, for all tissues except bone (37 "C). Each symbol represents measurements on two tissue samples, one for high-and one for low-frequency ranges. The discontinuities in the electrical conductivity data from fat and bone marrow at 10 MHz arise from the heterogeneity of the tissues, as discussed in the text.
The broad dispersions in figure 1 ( a ) indicate a wide spectrum of relaxation times. Presumably in the fat the responsible mechanisms would include remnants of the P-dispersion from cell membranes together with ionic polarisation effects. A small additional dispersion is barely noticeable in the permittivity data from the marrow with a centre frequency near 1 MHz; this is probably the @-dispersion of the blood included in the sample (Schwan 1957) .
It is interesting to note that the dispersion properties of two low-water-content tissues with vastly different structures, bone and fat, are quite similar.
Dielectric properties of tissues as a function of tissue water content
The dielectric properties of the various tissues are shown as functions of water content in figure 2. The data are either results of single measurements or averages of repeated measurements on different areas of the same sample, in which case the bars indicate the spread of values obtained. For comparison, data from canine tumour and normal tissues (Schepps and Foster 1980) are also shown. These latter data were adjusted slightly according to the temperature coefficient given by Schwan (1957) to take into account the difference in measurement temperature (37 "C compared with 25 "C in the present study). assuming in ( a ) that the permittivity of the suspended and continuous media are 2.5 and 7.8 respectively and in ( b ) that the conductivity of the non-water fraction is negligible and that of the tissue electrolyte is 12 mS cm". The data from the tumour and normal tissues from Schepps and Foster (1980) are shown for comparison ( X ) . Their conductivity data were multiplied by a factor of 0.8 to take into account the different measurement temperatures (25 "C compared with 37 "C).
The full curves show predicted values based on the Maxwell mixture formula, which gives the complex permittivity E* of a suspension of spheres of volume fraction p with permittivity ET in a continuous medium of permittivity E : :
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In the limit that ETCC E : , this can be separated into two expressions of the form of equation (1) that apply to the conductivity or permittivity. As applied to tissues, the excluded volume p would include the protein and lipid, plus whatever water fraction is present that has low ionic conductivity or permittivity. The above result is an excellent approximation for suspensions of low conductivity in a continuous medium of much greater conductivity that is not strongly sensitive to the geometry of the suspended particles (Chiew and Glandt 1983) .
In using equation ( l ) , the permittivity of the suspended phase (i.e. lipid or protein) was chosen to be 2.5 which is the permittivity of oleic acid, the predominant fatty acid in lipids. The permittivity of the suspending medium was taken as 78, which is that of water at 25 "C. The conductivity of the tissue electrolyte was taken to be 12 mS cm" at 25 "C. This value was obtained by extrapolating the conductivity of the tissues at 100 MHz to zero solid content, and presumably reflects some average conductivity of the intracellular and extracellular fluids (Schepps and Foster 1980) . That the conductivity of the lipid fraction of the fat is negligible at 100 MHz was verified by measurements on samples that had been dehydrated to contain less than 2% water.
In figure 2 the permittivity and conductivity of the high-water-content tissues are conspicuously below values predicted by mixture theory with the assumptions indicated above. This can be attributed to a water fraction in the tissue that is reduced in mobility compared to that of the pure liquid, and thus has a dielectric relaxation frequency and ionic conductivity lower than those of an electrolyte solution of comparable ionic strength (Schepps and Foster 1980) . This 'bound water' has the effect of increasing the excluded volume fraction of other proteins in solution by approximately 30% at microwave frequencies (Pennock and Schwan 1969 , Schwan 1957 , Grant et a1 1968 . The data from the adipose and marrow tissues are much closer to predictions of the mixture theory.
These differences presumably reflect a smaller fraction of motionally altered water in the fat and marrow compared with the high-water-content tumour and normal tissues. Lipids are composed primarily of triglycerides which are non-polar and insoluble in water (Lehninger 1975) and would be expected to be shielded from the water in marrow and adipose tissues. Thus one would expect less bound water per unit dry volume than in other tissues. While the present observations are basically qualitative, it is remarkable that the simple Maxwell theory can lead to a consistent interpretation of the data from such complex systems.
It is interesting to compare the present results with earlier data reported by Schwan (1960) from human fat samples, which are summarised in figure 3 by empirical curves that give the trend of several measurements covering a range of water contents from 6-40% by weight. These figures are more useful in predicting the dielectric properties of such tissues, in that the water content is directly measurable on a weight basis.
Sample heterogeneity
One pronounced feature of our results is a large scatter in the data. This variability was studied by means of repeated measurements on samples of adipose tissue from the same location from one animal using the two techniques at 10 MHz. The results are summarised in table 1. Measurements on six samples using each technique agree to within 7%. However, the range of the results was quite large, nearly twofold, which reflects in part variations in sample composition. The water contents of the six samples studied using the parallel-plate capacitor varied from 19 to 26% water by weight, even though the tissues were of essentially the same provenance.
It is curious that the variance of the two sets of data in table 1 are similar, even though the two techniques probe quite different volumes of tissue. The parallel-plate capacitor cell has a volume of approximately 1 cm3. (In fact, the use of the distance variation technique to correct for electrode polarisation results in impedance measurements that reflect the contribution of incremental volumes of tissue.) In contrast, the open-ended coaxial transmission line probes a volume that lies with the fringing field, or about 0.03 cm3 in the present case. We would expect greater variability using the transmission line technique, if inhomogeneities in the tissue occur over volumes that are greater than 0.03 but less than 1 cm3. However, the fringing field occurs in an annulus of about 1 cm length. It might be that the heterogeneities in the tissues are similar when sampled over these two quite different volumes but similar linear dimensions. A more quantitative analysis of sample heterogeneity and its effect is needed.
The marrow samples were visibly heterogeneous, with variations in composition noticeable even in samples obtained from the same region of the medullary canal of the same bone. Moreover, the dielectric properties of marrow tissue varied noticeably with the origin of the tissue. Bones in the trunk such as ribs contain a high percentage of red marrow, which has less lipid and thus comparatively high conductivity. Limb bones, especially those in more peripheral locations, contain a larger proportion of yellow marrow that has comparatively lower conductivity. Within a single bone of a limb, the lipid content is higher at the centre than at either end (Tavassoli and Yoffey 1983) . These trends are consistent with the results of the present study. For example, the average conductivity of marrow from the right femur was 5.3 mS cm" (10 MHz) while that for the right tibia was 3.6 mS cm". Within a single right femur, the sample of marrow with the highest conductivity (5.8 mS cm") was from the proximal end, while that of the lowest conductivity (4.3 mS cm") was from the centre.
Conclusion
This study emphasises once again the strong relationship between the water content of the tissue and its dielectric properties, and extends the analysis presented in earlier papers from our group. There is clearly a large variability of the properties of bone marrow and adipose tissue, this being reflected in their composition and dielectric properties. A single value cannot be chosen for the permittivity or conductivity of these tissues, but instead a range of values should be used, unless the exact composition of the tissue is known.
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